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SUMMARY

Working on the hypothesis that oxygen toxicity is a result of Increased
iipld peroxidation, three fieids of effort have been developed: first, In vivo
peroxidation effects on cel! membranes have been measured using rats exposed to
100% oxygon at 260, 400, 600, and 760 mm Hg.; second, an In vitro method of
studying membrane oxidation has been developed using isolated rat kidney lyso-
somes; third., a new reaction Involving the products of lipld oxidation, malonaide-
hyde and other thiobarblturlc acid reactive substances, has been discovered and
Investigated. Rats exposed o !00% oxygen grew less than those exposed to alr.
Oxygen-exposed rats showed changes in their lysosomal enzymes In iung and brain
tissue. Lung showed the most dramatic changes, while inhibition of brain lysosomel
enzymes was noted. Liver lysosomes showed fatent changes in the tysosomal mem-
brane Indicating that very subtie effects from oxygen exposure may hitherto have
gone unnoticed. The effects of oxygen-exposure on |iver lysosomes was, however,
potentiatly harmfu! since the iysosomes were more suscépﬂble o physical demage.
Brain lysosomes were found to be ‘oo fragiie for use in preparative studies, while
kidney !ysosomes were isolated free of msjor mi'i’ochonc-l‘rla! confamination. An
in vitro system for the study of the mechanism of |ipid peroxidation and protective
agents has been developed using kidney lyscsomes. The effects of saits, pH, and
osmolarity of the medium have been studied.” The in vitro asssy is being apglfed
aiso 1o kidney !ysosoﬁes of oxygen-exposed rats. Aldehydes produced durl;fg ll.pid
oxidation have, for the first time, been demonstrated to react with proteins and
amino acids. Polymerization of ribonuciease, a lysosoma! enzyme, results from
reaction with aldyhydes and the polymers are less enzymatically active then the
native enzyme. The relatlonship of the aidehyde-protein reaction product to
oxidized |ipid=-protein polymers Is discussed as well as the role of aldehyde-
polymers as "age pigments". Preliminary studies Indicate that s further outgrowth
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of this study will be evidence supporting the hypothesis that vitamin A rather
than vitamin E is the |imiting factor in the antioxident deficiency syndrome.
Electron microscopic studies of the lysosomal and mitochondrial membrane of oxygen-
exposed animals Is in progress.

In summary, the above resuits support the original hypothesis that exposure
of increased oxygen pressure and to 1003 oxygen resullfs in an Increased rate of
lipld peroxidation. |
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INTRODUCT | ON

The basic hypothesis of this work is that the toxic effects of increased
oxygen partial pressures and of 100% oxygen are related to an Increase in the
rate of oxidation of the lipld of subceliular membranes\;_'? Since it is not possible
to measure the rate of oxldation of the subcellular membranes directiy In vivo,
we have chosen to measure the changes In the permeablility of isolated subcellular
particies as an index of lipid oxidation. Lysosomes are suited for such messure-
ments since the lyéosome Is a single membrane !imited structure contalning a well
knpyn mixture of acidic hydrolytic enzymes (1). A change In the permeablility of
the lysosome will result In the release of Its enzyme content. Enzytng release Is
then a function of membrane damage. While the normal function of lysosomés appears
to be fhé disruption of dead or Injured celis (1) and the resorption of useless
appendages (2), they have also been strongly Implicated in the pathology of mus-
cular dystrophy due to dietary antioxidant deficlen;:y (3) and may also be ln’v‘olved
in oxygen 1ox!cify.

Effects of lipld peroxidation have not been limited to the lysosomal membrane.
Packer (4) has reviewed the generail aspects of |ipid peroxidation-caused degenera-
tion of subceliular particles and has polnted out that the disruption Is common to
such diverse structures as }ysosomes, mitochondria, micf‘bsomes, and chloropiasts.
The latter are unique in that Packer and co-workers have demonstrated a |ight-
dependent peroxlidation reaction.

Our work has dealt with three aspscts of lipid peroxidation of biological
structures: 1) In vivo exposure to 100§ oxygen and subsequent examination of mem-
brane damage through changes in iysosome stability; 2} In vitro peroxldaﬁon of
isolated lysosomes and the deveiopment of model systems for the study of protective
compounds, and 3) studies of the reactivity of the products of Iipid peroxidation.
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RESULTS

I. Exposure of Rats to 100f Oxygen. Through coliaboration with Dr. G. A.

Brooksby of Ames Research Center, N. A. S. A., we have exposed a number of animals
to controlled pressures of 100% oxygen ranging from 260 to 760 mm Hg. The re-
sults are summarized In Appendix I, which is a copy of a manuscript currently In

press in the Journal of Aerospace Medlclng.

The enzymes contained within the Intact lysosome are not available to external
substrates. A membrane-disrupting agent, such as detergents, sonication, |lipases,
or proteases, must first act upon the lysosomal membrane before the latent ehz’yme
activity can be revealed. A change In the permeability of the lysosome wiil resuit
in either the release or avavllabil Ity of its enzyme comtent. Thus free or avail-
able .Iysoscmal enzymes are an indication of the damage to the tissue, while the
total enzywme content ls an Indication of the total lysosome content. Tlssuskere
homogenized and lysosanal fractions were isolated in Isotonic sucross soluﬂons 1'0
m*nfa!n intact Iysosomes. The lysosomal enzymes, aclid phosphatases, arylsu!fa‘rase
and B-glucuronidase, were assayed by the use of automated brocedures. A'r'y‘!jsul"#a-
tase was found to be the most satisfactory enzyme for detalled study since the |
enzyme assay was the most reproducible snd since the enzyme was quite stable.

Three tissues were examined by this technique: bram", tiver, and lung. .The
lungs of oxygen-exposéd animals showed the most dramatic changes. There was an
lmﬁed!afe increase In the total enzyme level in the oxygen-exposed animals at 4
days; increasing at 14 days, but not significantly dlfferénf from the contro!,
and agaln a significantly increased level at 28 days at 600 mm Hg. Increasing the
oxygen pressura to 760 mm Hg. did not significantiy increase the effect. The free
arylsul fatase @resumably reieased by lysosomal damage) was also higher at 4 days
at 600 mm Hg. and at 28 days and 760 mm Hg. The time sequence fo!lows that found
by Brooksby on histological examination of the iung. The brain showed the same
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pattern as the iung, but the results were reversed; e.g., there was a2 sign!ficant
decrease in both tota! and free enzymes. The decreased enzyme activity Is pro-
bably related to inactivation of the enzyme by Interaction with either the oxid-
izing lipld or the products of tipid oxidation. Enzyme inactivation by malonaidehyde,
one of the products of Iipid oxidation, will be dealt with in a later section.
While these resu!fs were found In brain and fung, liver lysosomal enzyme
assays showed no significant differences. Exposure of |iver lysosomal fractions
o osmotic pressures other than that isotonic for the lysosome will result in rup-
ture or lysis of the 'ysosome (Figures 3 and 4, Appendix I). The pH of the medium
aiso aftects lysosome stability. From these parameters it was possible to deter-
mine two conditions for assessing the ability of the Isolated Iysosomes t6 with-
sf’and osmotic stress. Exposure of |iver |ysosoma! fnc+3§hs to osmotic shock ‘as
showb as Figure 5 (Appendix I) revealed the presence of_i_dj_e_c_l_j_ damage to ﬂ;etyso-
some membrane. The lysosomal fractions were exposed to elther Isctonic (0.7M.
sgér‘o'se) or hypotonic (0.3M sucrose) solutions at 37°C. Lysosomal! fractions from
rats exposed to oxygen were more iabile than those from air-exposed animais.

. ‘Two agents are thought to be Important in determining the stability of cel fu-
i_ar_'Mbranes: vitamin A and a-tocophero! (vitamin E). Prel iminary expeflmi;fs
with tocopheroi-sufficient and deficlent rats exposed to 400 mm Hg. falled o show
any Significant differences in the free, total, or bound lysosomal enzymes, aryl-
ful fatase, acid phosphatase, or g-glucuronidase. A trend was, however, present
indicating that fooopheroi-deﬂclen‘t animais might have a greater release of the
iiver iysosomes. The experiment is being repeated with one modification. Since
the addition of excess tocopherol also did not decrease the iysosomal effect,
tocophero! alone might not be the agent damaged by Increased oxygen tensions;
e.g., antioxidant depietion is not the toxic lesion. Vitamin A, both In deficliency
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and excess, has been shown to affect the stability of |ysosomes more so than
tocopherol deficiency (5-10). This combined effect can be understood by assuming
that vitemin A ievels In the membrane must be maintained at & critical level in
order for the maximum membrane stability to be affected. During tocopherol de-
ficlency vim'ln A might be oxidized and thus lost from the membrane. Excess
vitemin A might be solubilized within the membrane and |ikewise causes d!srﬁpﬂon
{perhaps by acting as a pro-oxidant). Tocopherol functions in membrane sfopl'l’lfy
thus only as a general anti-oxidant and no‘l'Aas an dnlque structural part of the
membrane. Methylene blue and santaquin, antioxidants of similar solubility p'rbpor-
tles to that of tocopherol, wiil reverse the effects of tocopherol deflc!ency‘. The
study In progress tests the questions raised as to tocopherol and vitamin A fﬁncﬂon
in lipid oxidation by subjecting rats to a defined regimen deficient in fooopherol,
vitanin A, or the combination and comparing these animals with those recelving
sufficlient vitamin A and tocopherol or excessive vitamin A and tocopheroi. Because
of the welght differences res::lﬂng from the growth depression of oxygen-exposure,
palir=-fed controis have bpén utliized (Figures | and 2, Appendix I). The animals
wii! be examined for changes in the stability of the kidney lysosomal fractichs and
for morphological and histological changes of the |lver at the electron microscope
Igvel,

II. In Vitro Peroxidation of Isolated Subceliular Particles. From the results ‘

of the study of the In vivo stfects of oxygen-exposure on isolated lysosomes ;md
especially the latent effects, a study of the mechenisms of [ipid oxldaﬂon' of the
iysosomal membrane and the effects of lipld oxidation on Iysosoma! enzymes was
undertaken. In addition, by isolating the lysosome for detalled study in this
manner, we hope to short-cui the delays of In vivo experiments which are exiremely

time-consuming and expensive., Further, the use of an isolated model system allows
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better contfrol of the phenomenon and may iead to mechanisms which may suggest
protective agents. Tria's of potential protective agents can then be made In
the intact rat. |

Lysosomes, while contalnling essentislly al! of the hydrolytic or destiructive
enzymgs of the celil, constitute only about 10-20% of the total proteln of the cell.
Isolation procedures are difficult and vwasfeful of the starting materials. Ylelds
of purified lysosomes are of the order of 2-3% of the starting material. Brain,
liver, lung, and kidney were examined as sources for ‘;ireparaﬂve yields of lyso-
somes. Braln was of parﬂcul#r interest since H'Hlé s known about the brain
lysosome composition. The convulsiomsassoclated with hyperbaric oxygen axposuk‘e
are often suggested as Indicating a direct effect of oxygen on higher nervous
centers.

The results of a comparative study of brain vs |liver lysosomes are presented

tn Appendix II (prepared for submisslon to Life Sciences). Liver lysosomal prepars-

+ions are most commonly prepared and are consldered the "standard" preparation. It
is clear from the results that brain lysosomes are less stable than those of ilver.
The pH and osmotic stabillty range of brain and.!tver lysosomes were, however,
similar. The fragliity of brain lysosomes, especialiy In higher sucrose concen-
trations (1.2M) makes this tlssue undesirable as a source for preparative Isoiation
of lysosomes. Sucrose density gradlent centrifugation Is the method of choice for
the preparative Isolation of subceliuler fractions. Concentrations of sucrose of
!2?_{ or greater are offen necessary In order to isolate lysosomes from mitochondria
which are of similar density.

Shibko and Tappel (Ii) have reported the isolation of a highly purified rat
kidney !ysosome fraction. The scheme is simple and the yleld reiatively high.

For this reason rat kidney lysosomes were chosen for preparative study. The rat




kidney lysosome population, unlike the iiver, Is composed of two groups. The
majority are large, about | micron in cross-section, while the remainder is small,
about 0.4 micron. The latter are of about the same slze as those of the !lver.
By sucrose density gradienf centrifugation (ii) it is possible to separate the
lerge kidney lysosomes free of all but 5-10% mitochondria. The lysosome pellet
is s qtsflncf dark brown layer lylng below the mitochondria, which are pinkish
in color. An electron micrograph of the intact kidney Illustrating the large
lysosomes Is shown in Figure IA. isolated Kidney :y;.osane_s are shown in ngu'r‘e
IB. o

Since the lysosoms! preparations from kidney are almost free of mitochoﬁdria,
énzyme assays are not necessary to determine changes in the permeability df’}hglr
mombranes. Light scattering can be used o measure the swelling of the lysosomes
fol lowing peroxidative of other damage to their membranes. As the par¢ICIo§Z:
swell, the non-specific light absorbance at 520 mu decreases. Shibko and Taﬁﬁel
{11’ have shown that enzymevrelease foliows changes in the iight absorbance.’
Figure 2 itlustrates fypical swelling curves for kidney mitochondria and lysésbnes
caused bf liptd peroxldgt)bn. Peroxidatlon was Initiated by the addition of fer-
rous fon (10 ymoles FeCly). The absorbance at zero time has been taken as 100%.
Mitochondries and lyscsomes swell at about the same initial rate. The change In
tha 1ight scattering and hence ?hq size of the parficlés Is greater for lysgsbmes
then for mitochondria. Since mitochondria are more compiex, containing inferpgl
sfrgctures, it is nd* surprising that the iight scattering is greater for the ly-
sosome. Wills and Wilkenson (17) reported that Iysdécmés also peroxidize to a
greater extent than mitochondria. The simtlarity in the Iinitial rate of swelling
indicates that the maxima! rate of tipld oxidation Is taking place in both prepara-

tions. A similar rate for both preparations is expected, since the rate of




1 .
L * ]
' '. LA

oxldation invoives the unsaturated fatty acids of the membrane. It Is uniikely
that the mitochondrial and lysosomal membranes would differ significantiy In
their lipid composition.

The rate of sweillng depends upon the medium used 1o suspend the iysosomes.
In sucrose solutions lysosomes swell spontaneousiy below 0.6M. Addition of ferrous
fon did not appreciably affect the rate of swelling. Similar results were ob-
served In mannitcl solutlons. Considerably more spontaneous swelling occurred In
mannitol solutlons than In sucrose solutions of equal osmolarity. Typical peroxi-
dation initiated swelling was observed in 0.25M mannitol (Figure 3), which also
was the most stable mannitol medium (higher spontaneous rates were observed in
0.6, 0.45, and 0.3M solutions). The lack of differences In the rate of swelling
between the spontaneous and peroxidation Initliated preparations is probably due to
a lack of sensitivity of the method and not lndléaflve of a protective effect of
sucrose or mannitoi. The spontaneocus rate of sSwelling was so rapid as to make
differentiation difficult. in 0.25M mannitol, where the spontaneous rate was
reasonable, peroxidation initiated swelling was observed.

ionic media appeared to be more promising. Further, a convenient mefhbd for
measuring the rate of 11ipld oxidation in the preparation is to determine the for-
matlon of colored products on treatment with 2-thiobarbituric acid. This method
of determining lipid oxidation is known as the TBA reaction and measures mainly
the amount of malonaldehyde formed on oxidative cleavage of polyunsaturated étids.
The TBA reaction Is, however, interfered with by reducing sugars, thus adding to
the desirabllity of ionic media.

Figures 4 and 5 iljustrate the effect of NaCl and KC! concentrations on the

rate of spontaneous and peroxidation inltlated swelling. Potassium lon appears

to stablilize the lysosome more than sodium fon, at 0.3 and 0.6M solution.
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Spontaneous swell ing in 0.3M KCi was 95.8% of the maximum absorbance whiie in

0.3M NaCl it was 92f% after 9 min. at room temperature. increasing either the NaCt
or KCi concentration increased the extent of swelling but not the rate. The In-
duction period depended upon the medium and was shortened ‘by higher sait concen-
trations. Figure 6 compares the swellling of the same preparation of lysosomes

in 0.175M solutions of KCI and NaCl. Greater swelling occurred in the KCI sbl_uﬂons
then In NaCi.

From these date it Is possible o pe medium for study of peroxidation

< effects of |ysosomes ushg light scatter N.g' rather than enzyme assay as the 'indf'ex

of lability. Kidney !ysosomes are suspended in 0.175M KCi, 0.02M Tris-NCI, pH 7.0
for study. Work is now In progress to determine the effects of various ‘@ro.ﬂ-
dants and antloxidants ?nd membrane stabiiizing agents on the lysosomal membt"éhe.
A mlér_o oxygen electrode has been suppiied to us through the courtesy of Professor
a'ir'w'ffl»ng Fatt, of the Department of Minera! Technology, so that it is now also pos—
s!b!g to determine the oxidation of the membrane simuitaneocus!y with changes in
{ight scattering. Oxldative and osmotic effects can thus be separated for the
tirst time. The etfect of gas compositlon on the rate of oxidation of the lyso-
somal and mitochondrial membrane is likewlse under study. Morphological changes
In the membrane and general structure of the particlie are being determined simui-
tané;ﬁusly on alliquots preserved for electron m!croscopy.. in addition, the electron
m'lc'régkaphs also serve as Internal controls of mlf@ondflal contamination, The
jatter is currentty also determnned by succinoxidase assay.

As a part of the experiment outiined on the effects of vitamin A and toco-
pheroi on the stabliity of lysosomes from animals exposed In vivo to 100% oxygen,
we plan to utilize the present swelling sssay as a direct test for iatent membrane

damage. Furthor, the amount of antioxidants present In the membrane wili be .




indicated by the induction period before oxygen uptake begins after inlitiation

of oxidation by ferrous ion. The extent of oxygen uptake wiil be indicative

of the unsaturated fatty acids remalning unoxidized in the membranes. TBA mea-

surements on tissues will 2lso serve to indicate if peroxidation has occurred in
on.-

ITI. Studies of the Reactivity of the Products of Lipid Oxidation. While

the previous sections have deait with tha initial effects of lipid oxldaﬂdﬁ_, we
have aiso discovered some Inferesﬂng reactlions of the products of |ipid ox.-}dilﬂon,
As mentioned above, oxidat!ion of poiyunsaturated fatty acids such as the essential
fatty acids produces a number of substances which 'réad with 2-fhlobarft>t1’ur‘i¢:f'"actd
(TEA) fo form colored products. The reaction is an_eﬁfemely sensitive test of .
i'ipid oxidation, and has led to the discovery of the c.fe'ai:ﬂve properties of ‘some
ot the end products of 1ipid oxidation. These end products react with TBA $o.
fiiéﬁ'fhe colored compoundsused quantitztively in mea"surl-ng }ipid oxidation '8n¢ are
kno"@ri’ as TBRS (2-thiobarbituric acid reacting substances).

Roubal and Tappel (13) have shown that oxidation of polyunsaturated fatty
ecf&s in the presence of protelns resuits In the poiymerization of the pmfain;.
They have ascribed the polymerization to the reaction of the protein with the free
radical lnfem&larles occurring in (ipid oxldafim.(faﬁy acld hydroperoxide free
radicats). Appendix III(menuscript submitted to Lipids) presents deta Iilustreting
that the polymerization of proteins may be mediated by the end products of led
oxidation, TERS, as well as free radicai mediated reactions. Folywerization of
ribonuciease was observed with pure maionaldehyde, which is the principal TeRs
or oxidation end product (i4). Additionally, the polymers of RNase produced by

i+
{ipid oxidation also contained reacted v!fhh‘l‘he TBRS (probabiy maionaldshyde).
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Appendix I¥(manuscript submitted to Arch, Blochem. Blophys.) presents a

detalied study of the reaction of malonaldehyde with bovine serum albumin. The
reaction between the protein and malonaldehyde appeared to be specific for certaln
binding sites and to occur at very low concentrations of the aldehyde. The reaction
is bssenﬂally lrrevg_t:s_l‘b_l_e \a'r physiological pH ranges.and results in an unique
spéé%rai absorbance é‘t 282 T Th§ f'rea amino groaspé of the prc'_!'.e!p, appear,ed’to
reac:‘t with the aldehyde carbonyl group. | |
Ma!onaldehyde has™been demonstrated to react with Imtdazol a and y-amino,
and SH groups but not aromatic groups of amino acids. The reaction was foH.owed
5pecfrophoi'ome?r!ca”y at 350 mu, corresponding the malonaldehyde carbony| absor-—
bance. The reacﬂon was confirmed by gel fll'l'raﬂon chmmafography using

2!4

—g!yclna as ls !llus*ra‘red in Flgure 7. The molar-raﬂo of malonaldehyde to
'g’!yc_lna in the major component was 1.04. A me'rhyofI. derivative (I} such as balow

is _hyp@fhesized as the reaction product structure:

: 0
H-C-CHZ-CH + HoN=R < T H-C—CHZ-CH-’N-R(I) + Hy0 A
OH H

The sbecfrophofmefrtcaﬂy determined reaction rates wff_h essential amino acids

a_ré‘ l;elng confirmed by gel filtration and will be r'eppfted in a subsequent publica-
ﬁdn. In general, SH and e-amino groups of lysine appeared to react faster than
any of the other reactive side groups of amino aclds. Malonaldehyde dér‘lvaﬂirés

of proteins probably involve only the amino and thiol gouups. Thiol ester cleavage
has not been observed.

- Since profetn polymsrization lvs a conséquence of reacfl'lon with both oxldl’iing

fipids and malonaldehyde, we have investigated the general reaction of proteins
with cross=iinking aldehydes. Bjorsten (14) has discussed "l'he role of cross-1inking

aidehydes In.biological processes such as aging. |f extensive lipid oxidation is




occurring during oxygen exposure, then protein poiymerization is i{ikely to occur.
The homologous serlies of cross-!inking aidehydes, formaldehyde, giyoxal and malo-
naldehyde, were chosen for study. in summaéy, the molecular welght distribution
of the poiymers of RNase dependad upon the pH and the a}d?hyde. RNase was chosen
since It Is a lysosomal enzyme, of known aminc aclid sequence and of lou.ﬁbl;;;?ar
wetghf.so that higher polymers might be soluble. Malonaldehyde appeared to react
faster than elther formaldehyde or glyoxal at either the acid pH (4.0) or the
neutral pH (7.6). Formaidehyde produced no polymers in acid solution, but did so
in neutral solution. The molecular welght distribution of formaldehyde - RNase
pp!ymars tended toward the accumulation of very high molecuiar weight materiels
{Figure 7). In acid soclution maloneldehyde-RNase polymers were not solubie above
42,000 MW (RNase-trimer) (Figure 8). In neutral soluf?oq;malonaldehyde-RNase poly-
mers ranged fram 15Q000 1o 28,000 (di:er). Monomeric, dimeric, and trimeric produc'l's
were clearly visible (Figure 9). Ma!oqaldehyde produced -a dimer after only 20 min.
fgacfion; Glyoxa! reacted in both acid and neutral solution to produce polyﬁe};.
Onty a siight precipitete formed and sciubie higher ﬁolymar were found (Figure 10).
!p neﬁfral so!ution glyoxa! produced poiymers of simiiar molecular weight range
as In acld solution. As the reaction proceeded there was a tendency toward the
accumulation §f higher molecular weight products. B
Specific molecular welight ranges of the polymers were collected and assayed
for enzymatic activity. Tabie I presents the activities found. Under acid reac-
tion conditions, formaldehyde-resacted monomer was the most active. Giyoxai mono-
mer and higher poiymers contained some activity while the maionaidehyde reacfed‘
products were essentially Insctive. Under more physiological conditions at pH
7.6 formaldehyde completely Inactivated the lsotaféd RNase. Ciyoxai-reacted pro-

ducts confained Iittle or no activity. Malonaldehyde-reacted RNase was clearly
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separated into two fractions, the active monomer and the inactive dimer and high-
aer molecuiar weight polymers.

Lysine forms a part of active center of RNase (I5). Reactions masking the
e-amino group of iysine=4i eiiminate enzymatic activity. The reduction in snzyme
activity probably corresponds to reaction between this lysine and the raacflﬁg
aldehyde. The differences in enzyme Inactivation may represent differences In
reactivity with pH and the reactivity of the aldehyde. T. W. Kwon (unpublished
data) of this laboratory has also found that aidoiase is inactivated by malonalde-
hyde. Enzyms inactivation by malonaldehyde or other aldehydes produced during lipid
oxidation Is likely if a lysine or another of the reactive amino acid side groups
occurs in the active center of the enzyme. Many enzymes fall within this cetegory.

Preliminary experiments in this laboratory also show that malonaidehyde or ”
oxidized lipid produced.polymers of bovine serum albumin or of RNase are less
readlly attacked by proteolytic enzymes than are the native or heat denatured pro-
telns. Reaction of proteins with reactive aldehydes produces three effects:
1Y Inactivetion of enzymes having reactive groups in thelr active centers; 2)
polymerization at high focal concentrations of the aldehyde and hence preclplfaflon;
and 3) prevention of catabolism by proteases. Thus, the oxidation of lipids In
the presence of proteins Is undesirable firom three standpoints. The stablliity of
the product to the proteclytic degradation involved in the norma! catabolism of the
cel! may be importent since inert materia! might accumuiste through this reaction,
evantuaily blocking the functioning of the cell.

The Inactivation of RNase by aldehydes and the decrease in brain lysosom;l
enzyme activity foilowlng exposure to 600 and 760 mm Hg. 100% oxygen may be related.

O'Malley et al. (16) heve reported simiiarly that erythrocyte acetylchol inesterase

is inhibited by peroxides and hyperbaric oxygen exposure. The experimental
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conditions of O'Malley et al. are certain to produce malonaldehyde as well as
hydroperoxides. Malonaldehyde lnactivation of brain lysosomal enzymes and ery-
throcyte acetylchol inesterase underscore the potential Importance of this reaction

in oxygen toxiclty.
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Table I. Inactivation of RNase Enzymic Activity by Cross-linking Agents.

-

. Cross-Linking Cross-Linking Molecular % Activity Compared to
Condlitions Agent Welght Range Chromatographed RNase Monomer
. 12 hrs. pH 4.0 FA 14,000 32.5
GXL 14,000 17.2
28,000-60,000 5.6
MA 14,000 0.3
28,000 0.2
60,000 0.1
12 hrs. pH 7.6 FA 14,000-30,000 inactive
260,000 Inactive
GXL 14,000 0.2
28,000 0.3
260,000 Inactive
MA 14,000 84.6
28,000 0.2
260,000 0.4




Fig. I.

Rat kidney lysosomes: A. Infact rat kidney, showing large
lysosomes (L). Compare with mitochondria (M). Brush-border

(BB) and granuler endoplasmic reticufum (GER) are shown for
orientation. B. Isolated rat kidney 1ysosomes.
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ABSTRACT

Brain, tiver and lung tissue homogenates from rats exposed to 600 mm Hg
100 per cent oxygen for 4, 14, and 28 days were assayed for free and tota!
lysosomal aryl sulfatase. Brains of exposed rats showed fower total activity
at 4 days, and lower free activity at 28 days than did controis. However, lungs
of exposed rats showed significantiy higher total activity than controls at 4
and 28 days. Livers of exposed rats showed no significant difference from con-
trois at any time.

Effects of exposure to 760 mm Hg 100 per cent oxygen for 28 days on aryl
sulfatase activity did not sppear to differ from those of 600 mm Hg. However,
studies using 2 !ysosom_e’-oﬁrlched peliet from fha./lt-ve'r homogenate showed |iver
lysosomes of rats exposed to 760 mm Hg oxygen to be initiaily more labile to.
osmotic shock than those of controls, Indicating subtie changes heve occured
in the iysosomal membrane.




INTRODUCT ION

The use of 100 per cent axygen atmospheres in life support systems has
prompted consliderable research into its possible undesirable side effects. Con-~
siderable speculation exists as to the role of lipid peroxidation In oxygen
toxicity (7, 17). Peroxidation is known to cause cleavage of polyunsaturated
fatty acids In vitro (2). This tipid comprises a major portion of the membranes
vital to the normal functioning of the cell. N

In 1955, DeDuve postulated the existence of the lysosome, a subcel lular or-
ganelle conteining the acid hydrolases of the ceil within a single membrane w.
These enzymes are released by agents which disrupt the membrane detargents,
sonication, lipases, and proteases.- While the normal function of lysosomes ap-
pears to be the distruction of dead or injured celis (1) and the resorption of
useless appendages (lS), they have also been strongly implicated in the pathology
of muscular dystrophy due to dietary antioxidant deficliency (16).

in view of the possibiiity of accelerated In vivo lipid peroxidetion In
animals exposed to 100 per cent oxygen, It was of interest to investigate the
effect of 100 per cent oxygen on the lysosome. Because of Its single membrane
the lysosame should be particulariy susceptible to disruption by |ipld peroxida-
tion, an event which would have disastrous consequences for the cell.

EXPERIMENTAL

Mate albino rats, ielghlng 100-200 grems, werehousad In cages spet_:!al_ly
adapted for reguiation of atmospheric pressure and gas q&boslﬂoh (9. Conﬁ"ol
rats were exposed to 760 mm alr in all experiments. ‘All animals recelved Pp.r.'lm

stock diet and water ad iibitum. Weight gain and food intake were measured.

- Ao o by a e s



The experiment at 600 mm Hg 100 per cent cxygen wa; designed o Inves-igate
the effects of length «f exposure to pure oxygen cn the labli!ity of the lyso-
some. The experiment :+ 760 =m Hg i00 per coni oxygen ‘ias carried out %o deter-
mine whether effects w.re more severe at a fu!ll atrosphore oxygen pressure ani
tc study lysosome-enriched tractions for possitie subtia changes.

After the desligna ed length of exposure ths rets wore returned to amb ent
pressure and sacriflced. The brain, liver, anc turg we-e exclsed and homogenized
immadiately In ice col: 0.25M sucrose - | mM ELTA, pH 7.0. The hcmogenate: were
sssayed for free and hitel iy:osomal ary:! sulfetase at HH 5.0 by the methoi of
Roy (11} with p-nitroo: teche! suifate zz substrate. Yo'z! enzyme waes assa‘ed
atter disruption of th:: lyscsomei membrane witt 0.1 per cent Triton X-130.
Protein was determined by the Miller method (8] using bwine sarum albunin as
standard.

The stabltity of ysosomzs to Incubatlion vas me#su-ed with a lysoscme--
enriched peiiet obtein:d from Yissus homogenates ty cenrrifugation in the torvell
refrigarated centrifug:. The homogesnate was centrifugei 2t 900 g. for :0 niin.;
the peliet was discard:d. Ths supernatant was certrifujed at 7,000 g. %of i0
min., to yleld the ivso ome-enriched paiiat. Stverti prafiminary experimen s ware
performed using the [y osome-anriched peijets iron ifve- and brain of contiol
rats t§ determine the oncent-ation of sucrose in the madium and the pHE range

providing the greatest stqbil&fy to incubation at 37° o~ 0-4°C. Fron.fho fate

v .

»ohf;%ﬁed the conditicn; were chosen for iﬂCﬂba%iot of tie lysosome~enriched pel-

lets trom the llvers o' experimentai and sontrc) enimabs. Fortlons of the pe!--
1ot ware resuspended I: 0.3M and C.7M sucrose ‘or ncebstion at pH 7.0,’3?“2{
The aryl sulfatase re! ased was determined at (, 30, ani 60 min. and ths rasuits

expressed as per cent of Totai. R
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Statistical analysis of the enzymatic activities cbtained was cerried out
using the test for significance of the difference between the control end the

experimental groups (4).

RESULTS AND DISCUSSION

Figures | and 2 show the welght gein and food inteke for the oxygen exposed
and control animals at 600 and 760 mm Hg. At both pressures of oxygen the ex-
posed rats initially lost weight and decreased thelr food Intake well below that
of the control animails.

After 5-7 days food intake Increased and by {4 days of exposure gain In
weight had resumed. Wr, nelther food intake nor rate of weight gain
reached that of control rats by 28 days. The depressed growth occured without
apparent externs! symptoms and yet, Indicated that a pethological situation oc-
cured on prolonged exposure to elevated oxygen concentrations.

Table I summarizes the data obtained from assay of aryl sulfatase In the
tissue homogenstes. The percentage of aryl sulfatase free In the homogenate
might be consldered an indication of the amount fres in vivo due to disruption
of the lysosomal membrane or at least of reiative stabllility of the membrane to
homogen ization of the tissue. As shown In Table I there Is in most cases tittle
difference In the percentage of enzyme free between exposed and controtl animals
for any length of exposure to 600 mm Hg oxygen. The percentage free of al! tis-
sus and the total activity of brain and llver did decrease from 4 days to 28 days
of exposure, but this decrease was aiso exhibited by the controls, suggesting it
hes & cause other than adaptation to breathing 100 per cent oxygen. Franklin (3)
ard Dingle, _e_'i’_g_l_. (5) have observed a decrease In lysosomal proteases with in-
creasing age. The trend toward lower aryl sulfatase activities may be similarly

an dge-associated decrease In general lysosomal activity.



The percentage of aryl sulfatease free In the brain homogenates of exposed
Is, however, significantly lower than that of controls at 28 days, although there
is no difference in total activity. At 4 days, the total activity of aryl sul-
fatase per gram bra!n_ in the exposed animals Is significantly lower than that
ot contro! animals. While the exact cause of these results is not clear, It is
possible that the lower activity in the exposed ra‘l's Is due fo damage to free
enzymes by lipid peroxides. Roubal and Tappel have observed such damage in vltro
{10). These differences in activity were not obtained at 14 days, nor in ra*s
sxposed 28 days to 760 mm Hg oxygen. .

In contrast, the homogenates of lungs from exposed rats show significantly
higher aryl sulfatase activity than controls at 4 days and 28 days. This"hf-;"i
creased activity Is also found in rats exposed to 760 m Hg oxygen for miaayQ
and paraliels that seen in muscle In nutritionsal muscular dystrophy (16).. The
very high percentage free found for the lungs of control rafsa'r4days(sbo1’
understood. The control value at 760 mn Hg oxygen Is also significantly hlgwr
than that of exposed rets. These high values are possibly caused by the refative-
ly vigorous homogenization required by healﬂw tung tissue. Similariy, Dingle,
et al. (5) reported that the wide variations in free proteciytic enzyme aﬁ,lﬂﬂ_es
as percentages of total activity obtained in their rat liver and kidney lysosome
stydies were due to low efficiency In homogenization of these tissues.

Liver differed from brain and lung In that it failed to show significant
change in free or *l'oﬁl activity of lysosomal aryl sulfatase in the homogenate when
rats were exposed to 100 per cent oxygen at either pressure. ‘

The dlvergence In the response of the brain and lung to oxygen trestment may
refliect the ratlo of unsaturated liplids to antioxidant In the tissue, as Horwltt
(6) has suggested for the relative susceptibllity of tissues to lipid peroxidation.
It may aiso reflect the different degree of exposure to oxygen. At these pressures
the lung Is pathologlcally the most severely affected tissue.




The increase in oxygen pressure to 760 mm Hg seemed to cause no increase
In percentage of aryl sulfatase free In the homogenates of tissues of exposed
rats over that found at 600 mm Hg after 28 days exposure. Thus, It appears that
the lower pressure of cxygen Is sufficient to produce any damage to lysosomal
" membrane, subject to measurement by this technique, which occurs st pressures up
%o one afnospﬁere.

Since the livers of exposed rats appear to be resistant to changes in total
activity or percentage of lysosomal enzyme free Iin the homogenate, it was of
Interest to determine If more subtie changes in Iysosomal membrane stability
had occured. For thls purpose a lysosome-enriched pellet, free of unknown inter-
fering substences present In the homogenate, wes obtained and several preliminary
studles on control rats were carried out to determine the best conditions for the
Investigations of the iablility of lysosomes to osmotic shock. The results of
these experiments sre shown in Flgures 3-4. Liver lysosomes were more stabie to
Incubation at 37°C, pH 7.0, In 0.7 sucrose, and least stable in 0.3M sucrose, as
measured by release of aryl sulfeatase vith time (Fig. 3). Liver lysoscmes were
more stable in the pH range 6.0-7.0 than above or below this range (Fig. 4), and
were appreciably more stable at 0-4°C than at 37°C (Table II). Simliar results
have also been observed by Savent et al. for liver lysosomes (12).

in order to investigate the osmotic lablility of lysosomes from livers of
oxygen exposed rats conditions were chosen which would glve & measureable release
of aryl suifatase in an hour, but under which control lysosomes would be sfabl§
enough to allow measurement of subtie changes In lability of the Iysosomes.

Thus the lysost;pe-enrlcﬁed pellets from liver homogenates were incubated at pH -
7.0, 37°C, In 0.3M and 0.7M sucrose, but In both medla the lysosomes from oxygen
exposed rats appeared Initially weaker, as shown by a higher inltal percentage

free. Subsequent Increase In availabliity of lysosomal aryl sulfatase occurs at

the same rate as in lysosomes from control animals, perhaps since all Incubations
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were carried ouT in air. If the release of lysosomal enzyme is complete on
rupture of the membrane, the same rate of release would be expected for the
‘remalning "healthy" lysosomes in the preparaticn from exposed rats as for the
lysosomes from control rats. This ébservaﬂoh is In line with that of sm‘m’«:
et ai. (i4), that soiubilization of enzymes from kidney lysosomes is ali-or-none,
since the electron dense matrix of the lysosomes Is lost all at once, not in
graded amounts. However, in the present experiment the suspendad {ysosome- |
enriched pelliets were not centrifuged before measuring the aryl sulfatase acti-
vity; fherefofe, both Increased avatlat;HH'y of substrate to the enzyme perhaps
stiil in an intact pafﬂcte, as well as completely solubiliized enzyme were mea-
sured. B
These studies Indlcate fha'i' there Is really no eonslsfent gross change in
the percentage of a Iysoml enzyme free Iin the ﬂssue homogenate caused by
exposure to 100 per cent oxygen under the conditions ‘of these experiments.
S’Jlml_larly, there were no gross pathological changes in the brain and ll,vo;rb of:
the animals exposed to these pressures. The lung, which showed the greatest :'ln-
creases In ary! sulfatase activity in these experiments, also showed the most
severe pathotogical changes. However, the data do indicate that subtie ctpng’es

have taken place in the lysosomal structure, meking the organelie more suseepﬂble

to stressing factors such as osmotic shock. These changes persist after apparent

adaption to oxygen exposure, as measured by resumption of grow'rh'and food intake,

and may cause Increased sens,lﬂvlfy fo-s'!'resslng conditions usually well fdlerafod
by normal animais. In view of this possibility further study of lysosomal lablii~
ty and possible in vitro and in vivo protective agents is under way in this

taboratory.
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Fignra 2. VWaight gain and food intake of rote
exposed wo 760 mm. Hz 100 per cent oxyger and to
2ir. OCircles pepresent the oxygen-ex»oszd animsls;
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Tigure 3. The offget of mucroas concsnirsticns
on the stability of ret liver iysosomes. Lyso-

somag were suspencad in O.3E LY); G405 (X)) and
0,74 {8 sucross. Ses taxt for deteils,

g
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Figure L. Iisbllity of rat liver lymosomes as

a function of the pH. Lysosomes wers suspended

in O.TK sucrose containing buffer of the indlcated
PE and incubated at 370. - From pH hah - 502, 0.0215
acetate buffer was used; Zrom pi 5.6 ~ 8.4, 0.024
Tris-maleate cuffer was used. Sclid circles repres:
seni ths Pzorc® iime values; crosssg, 0.5 hre and

4rianglss, 2 Lr.
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Figure 5. Releass ¢f arysulfatase frox lysesomes

of oxygen and sir- amposed rats. yacsuimd wors
suspended in sitiar 0.3 {(closed cirgles) or Q.74
{crosses | sucross. (xypen-cxposed walies ars cou-
nected by solid lines; sir-exposed, by hroken 1insd.
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APPENDIX II

COMPARAT{VE STABILITY OF RAT LIVER AND BRAIN LYSOSOMES
S. A. Lee and D. B. Menzel
Department of Nutritional Sciences
Unlversity of Callifornia

Berkeley, California
94720 (USA)

The lysosome, a subcellular organelle containing acid hydrolases of the cell
within 2 single membrane, was first described by Dede in 1955 (1). Since then,
the existance of the lysosome in many animal tissues has been well established
(2-9). "

It was suggested that the function of the lysosomal membrane is mainly to act
as;.a barrier between the aysoéomt acld hydrolases and their substrates (1) .

~ Hence the intact lysosomal particles are Inactive enzymatically on external sui?-

strates uniess the membrane 'ls disrupted. Therefore, It was of Interest to sﬁ)dy
the stabiilty of these subcellular particles. |

The present communication describes comparative studies of the effec'rs‘bf:os-'-
moﬂc pressure, temperature, and hydrogen ion concentration of rat liver and braln
lysosomal membranes.

Lysosome-enriched pellets were obtained from rat liver and brain as pr'e'v!ohsly
described (41). Arylsulfatase was chosen as an Indicator of lysoscmal hydrolytic
activities. The total and free lysosomal arylsulfatase were assayed according to
the method of Roy (12) with p-nitrocatechol sulfate as substrate. Total activity
was measured after disruption of the lysosomal membrane with .1% Triton X-100.
Measurement of free enzyme activity was used as an Index of the labllity of lyso-
somes. The free enzyme activity over total acﬂyl?y”\gas designated as the avallabil-

ity of the lysosomal enzyme arylsulfatase.
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As shown In Figures la and Ib, decrease In the concentration of the sucrose
concentration of the suspending medium for lysosomes from 0.7 to 0.3M resulted in
increased availability of both brain and liver lysosomal enzyme arylsulfatase.
The results indicated that braln lysosomes were somewhat more susceptible to os-
motic pressure changes. Thus, only about 34 per cent of var\/‘lsnlfafase WP FO=~—- -
ieased from {iver iysosomes while about 58 per cent was relsased from breln 'yso-
somes after the incubation of lysoscmes In 0.7M sucrose at pH 7.0 and 37°C. in-—.
creasing the sucrose concentration to | «2M did not reduce the lability observad at
0.7M. Similar results for the liver lysosomes were also reported by Svenf e‘t al.
(13). These authors suggested that the Instabliity of lysosomes at reduced.os-
motic pressure might be due to decreased membrane packing. .

Results of the studies on the effect of temperature on lysosomal labllify
are presented In Table I. Avaifabliify of both liver and brain lysosomal enzyme
was Incressed with Increased temperature of the incubation medium. The dafa" Iq—
dicated that labliity of lysosome wes dependent upon osmotic pressure as well as
upon incubation temperature. Here agafn brain lysosomes shm’ved higher percen‘t
of aryl sulfatase avallabllity under the same conditions. Similar effects of tem-
perature on lysosomes were found by Berthet, et al. (14) using scid phosphatase
as an Indicator enzyme, and by Swant et al. (13) using aryisulfatase, acid phos—
phatase, and rlbomc!oase as indicator enzymes. o

Lability of brain and liver lysosomes over a pH range of 4.4-8.4 was sfudlod
by measuring the avallablllfy-of aryisul fatese. The results are summarized lg‘
Figures 2a and 2b. Both braln and llver lysosomes showed Instabillty below pH‘_::
6.0 and above pH 6.8 (for brain lysosomes) or 7.6 (for liver lysosomes). lnsfaib-
i1ty of lysosomes under these conditions was also dependent upon the length of
Incubation. Liver lysosomes appesred to be most stable at the range of pH 6.0-

RS PN TP R

e R SRRV
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6.8. The most stable pH range for braln lysoscmes was the same as that of liver.
However, In the case of bralin, the pH at which lysosomes were most stable was
6.0 while that of liver lysosome was 6.4.

The labllity of lyscsomes was dependent upon osmotic pressure as we!ll as
upon incubation time. Bo#h jlver and brain lysosomes were found to be most sta-
ble at a pH range of 6.0-6.8. Braln lysosomes seemed o be more labile than that
of liver under the same experimental conditions. The pH stablility range of brain
lysosomes was narrower oh prolonged incubation. Brain lysosomes were also less
stable at 1.2M then at 0.7M sucrose. These results, indicating the fragility of
brain lysosomes, may expiain in part ﬂ\o. low yleld reported by others aﬂuﬁflhg
purification by sucrose denslty gradient centrifugation (9).

This work was supported in part by .
Grant No. NER-05-003-090 from the
National Aeronsutics and Space Admini-
stration.
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TABLE I
Effect of Temperature on the Avalliablilility of Lysosomal Arylsuitatase

Liver (hrs) Brain (hrs)
Temp. | SucroseOonc. | 0 .5 | 2 8 24 48j0 5 1 2 8 24 48
0.34 36% 49 54 100} 36 62 76 97
0-4°C 0.45M 24 38 34 78] 38 75 86 86
o.m™ 21 35 25 51|34 67 71 74
0.34 ] 36 37 42 65 36 62 84 99
37°C 0.45M 24 32 36 56 38 45 84 98
0. M 21 23 25 34 34 47 64 58

* Values were expressed as per cent availablility of arylisulfatase. Lysosomes
were suspended In 0.3, 0.45, and 0.6M sucrose and were incubated at 0-4°C or
37°C.
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REFCTION OF OXIDIZING LIPIDS wiTH RIBONUCLEASE
Daniel B. Menzel |
Institute of Marine Resources
Depariment of Wutritional Sciences
University of California

Berkeley, Cailfornia
94720 (USA)

Thae oxidation ¢f polyunsaturated fatiy aclds produces several 2-thiobarbituric
acid-reactive substznces (TBRS) of which malonaldehyds appears Yo be the princlipa!l
cne T1). Kwonm ef a:. (2) have described the reactivity of malonaldehyde (MA)
with food constitu: ts and the izoletion of a myogicbin-VBRS reaction product
from frozen tuna riac muscle. Packer et ai. (3) have reviewsd the subject of oxid-
ation of pe!yunsafqra?ed'faf?y aclids as & mecharnism of biological membrane ¢is-
ruption. They hav: piaced considerable impertance on the free radical mechanism
of protein damage -esuiting from the formation cf lipld hydroperoxide and other

frae radicals durt oxidatisn {(sec 21so 4,5). VWhile free radlcals arising from

(s}

Vipii oxidetion mas reazct with membrane profeins, we wish to point out that the
TBRS, also products ¢ the cxidation, zre in *hemselves reactive and that TBRS
react with proteins and cause their polymerization.

The oxidaticn ¢f {inolenic acld (0.456 g) (Hormel Foundation) was allowed to
proczed spontaneous!y at 30° In the presence of 0.22 g of bovine pancreatic ribo=
nuclcase (RNase) (5igme Chemical Co.) In 2.5 ml of 0.1M phosphate buffer, pH 7.6
In a standard Waert nig apparatus. The reaction was stopped when the oxygen upteke
as msasured mancmeti ically reached an oxygen-to-linolenic acld molar ratle of 0.2,
The recction mixture was exiracted exhaustively with cold chioroforn and pe?roleﬁm
sther to remove fra¢ lipid components. A small amount of Insolublie protein was

removed by cenfrifi ation. The resulting solution wes dialyzed against glass



2.

distiiled water for "2 hours at 4° to remove free TBRS. The TBRS reacted with
the RNase could only be released by hydrolysis in hot iN HCi. The protein con-
centration was deterr Ined by the biuret reaction (6) and the TBRS -by the 2-thio-
barbituric acld reaciion (7). Two ml of the yellowlsh dialyzate containing 43 mg
of RNase was analyze« by gel-filtration on a 2 x 98 column of Sephadex G-100 as
previousiy 6escribed {2).

RNase (0.340 g) was also reacted with 20mM MA in 5 ml of 0.IM phosphate buf-
ferv, pH 7.6, at 30° ‘or 4 hrs. Two m! of +he reaction mixture were chromatographed
as above.

The relationshi; between the eiution voiume and the molecular weight of the
poiymers was estimated from a plot of the iog of ﬂ\e”molecular welght of known
proteins vs elution \olume as described by Whittaker (8). Blue dextran 2000
(Pharmacia Co.) was tsed to determine the vold volume; RNase, trypsin, pepsin, oval-
b;;xl.;x“(‘SIgma), and a dolase were used to calibrate the column.

Flgure A illus rates the get-fiitration of unreacted RNase, while Figure IB
iliustrates fha'l‘r of ‘he RNase reaction product isolated from the oxidized lipid
mixture. The elutior voiumes of the three components correspond to molecular
welghts of 14,000, 2¢,000, and 42,000, as would be expected for the monomer, dimer,
and trimer of RNase.

While the unreacted RNase contalnlng no aggregates that reacted with TBRS was
mostly dimer; some pciymers of molecular welght greater than 42,000 werg also pre-
sent. The main compcnent (28,000 MW) of the TBRS reacted Eﬁase contained 0.05
moles of TBRS per mo'e of RNase, calculated as MA»qqufvalents. No free TBRS were
observed. Figure IC illustrates the gel-filtration of RNase reacted with MA alone.
Components corresponcing to molecular weights of the monomeric, dimeric and trimeric
RNase were found. A smali amount of éro“teﬁn of molecular weight greater than 42,000

was also present.

L, .,



Since the principal TBRS is malonaidehyde (i), it is probably that malo-

naldehyde accounts for most of the TBRS reacted with RNase. Malonaldehyde aione

at 20M concentration produced poiymeric forms of RNase similar to those observed

on lipld oxidation. The reaction of proteins with TBRS, and particularly malo-

naldehyde, mayaxcount for some of the blological consequences currently ascribed

fo the free radicals produced by oxldation of polyunsaturated fatty acids (3).

TBRS reacted proteins may be of blological importance as a possible source of the

"age pigment" as discussed by Bjorksten (4).

ie
2.

3.

This work was supported in part by grant
no. NGR-05-003-090 from the National Aeronautics
and Space Administration.
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vzlonelicehyde combines with ovine serum aibumln to form a stable
regucT.  Lvidence of progucT foimaticn was Tourd from alalysis and

+

he re ion product

-
t

glectrophoresls ¢f the reaction product,

- .

was furthner characterized by a specific absorption at 252 mu, and by the

disappearance of another absorption band of the aldenyde at 350 mu.

LY

The-e appear to be 16~17 ssecific reactlon sites in sach molecuie of the

czltumin. The reaction was pH, vime, and conceniration dependent: optimum

between 3 &nd 5, and the reaction raached apparent eguiiibrium

atter 24 brs at 30°. he reacticn was first order with a3 rate constant

.= N . st .
¢t 3.0 x il ‘min"4 and the epparcit @ssocistion consiant was detormined

. 2 RN . . : o -
teooa 2 x J0TM Y. Acetylation oi the albumin recuced the aldehyde reaction

1 2 jzrge extent. The reacvion is believed to Involve mainly free amino

grouss of The protein and The cartenyl group of the aldenyde. irea {&4)

erd U ATUI=-0.3Y) reducea ihe exnent of reaction with malonaldshyde by

J

procuct. The reactlion may be of

free amino groups of proteins since v Takss place a

ntrations of aldehyde and uncer reiatively mild concitions,




INTROCUCT TON

Tiie reaction of aldehydes with protalns has been most extensivsly
studliad with formaidehyde. Frankel-Coarat and Cleett {i=4} rova shown
thaT the free amino groups of proteins resct most rapldly with formaldehyds,
foliowed by the guanidyl, hydroxypheny! and Imidazolyl groups. Darlington
and Keay (5), studying the reaction of thloformaldshyde and formaldehyde
with mercuripapaln, found that reacticn with free amlnoc groups was the
dominant reaction with both compounds. A simllier r~asction wng found
betwasn mé!onaidehyde (MA) and tovine serum aibumln (BSA} In the present
study. An unusval pH dependence and » higher reactlvity wera; however,
noted with MA than hac been repoted for formaldehvde. Llke formaldehyde,
MA reacts primarily with the tres aminc groups of the BSA; but & certalin
degrea of conformatlonal specificity appears to be required which Is not
»opzrant with formaidehyde. The higher reactivity of MA Is refiected In
tha :ow concentratlons of MA reqiirei for reaction and In the rapidity of
the raaction {IO”?ﬁ'ccmpared ‘o :ﬁ“%ﬁ, and 24 hrs compared fo 5-7 days).

Dur original "Interest in ¥4 stems from recent Investlgstions In
this {aboratory Inteo 2-thlopbarzifuric acid-reactive subsfances.{TBRS)Cé);
e axldation products of polrunsaturated fatty aclds. Kwon znd Olcott
{7} have chown that MA is +ths princlpz! TBRS produced on the oxldation of
methyl linolenate, Kwon.'e7 al. (8) have reported the reactlon of MA with
focd constituents, and have Isolcted 3 TBRS-myoglobin reaction product
from frozen *una red muscla. Hunter et al. (9) have utllized the production
ot TERS as a measure of “he oxtent of {ipid oxlidation during the Irreversitls

swelling of mitochondris, Fucker et 'ai. (I0) nave demonstrated a [lght




(5

oguciag reaction in chioropliasts and have suggested that
is raaction, assoclated with ihe Irreversible swailing of the chloroplast,
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lipids of the organetlies appezs To be associafed with the disruption of

The integrity of the particles. While The raasctions producing MA and
o ? b

other TERS were not carricd out undar physiologics! consition:, Thev do
cerve as mode! systems suggesting the Importance of {ipid oxidation in

the disrupticn of sub-cellular membranes. Ws wiil report elisewhere (il)
that a MA-protesin reaction product cah ke isolated from a mixture of
axidizing polyunsaturated iipics and ribonuciease. The toxicity of MA has

been repurted by Crawtord, et al.

-~
(2]

.~
*

Whiie thic report dascribe: In detall The conditions of reaction of
MA with BSA, iT has become sppzrent to us from studies with individual
amino 2cids that the detai'!ed nature of the reaction is rather coupiex 113),
since MA eacts with other side chains in proteins ¢ther than emind groups
when They are available. The possible combirations for reacticn are

further increased by the Jifunctional! nature of MA.

EXBERIMENTAL

BSA and 2-thiobarbiturlic acid (TBA} were purchased from the Sigme
Chemical Co. MA solutions were prapared from acld hydrolysis of its
bis~-(diethyl aceﬁnﬂ(?&y-?rias Chamicais). All other chemicsis were
reagenT grade and oniy glzas distiiise water weeg used throughout.

Szit-fres mixtures of Mz and BSA solutions were azdjusted 1o ihe desired

pH with [N NaCOH or HCl. Fina! concentrations of BSA rangsd from 5 x 107 -3




e i ox iO”iz. assuming - nciscular weight of 7,000 [208]}: thst of #A from

~

077 to 2 x 107

i
»

Failowing incubat o et 20° portions were removed

o

nd diaiyzed for at le~ .7 72 brs against grous distilied water at 4%, The
water was replaced 87 Z4=hr intervale. Aceiylated BSA was also reac%ﬁd.with
MA under these conditions. Acetylation of the 834 and determination of ihe
amino groups hefore and aftar acstylstlon was conducted according to the pro-
cecures ¢f Fraenkel~Tonrat {14 Protaln concentrations were determined by
the Biurat resction {id} and the MA concentration by the TBA reaction 5).
Spectroscoplc investigations were conducted with a Cary Mode! {5 rscording
specirophotumeter, Horizental s%arcﬁ«gei eiecfr¢phoreé?s of the diaiyzed

-

reaction product was conducted in 10mM succinate huffar, pH 5.4 ot T V/em

angd et 4%, Sodimentation vaioccity expsriments =are pericrmed in o Spinco
Modei E uitracentrifuge equipped with & phiascpiate as a schileren anaiyzer.
Ail of tha sadimantation veiccity experiments wers conducted at a constant
temperature (22«24°} #Ith rotor speeds of 52,734 rpm. Salutvions of both un~
reacted 2S4 and reaction progduct (6:1 MA/BSA molar ratio! were adjusted %o
inltial protsin concentratiens of ¥ mgsm. of 0.2M Nall aud C.OM Tris~HC!

%

buffer, g¥ 7.0, Series wel s were pade from the initial sslutions

=
<,
53
.y
PR
[
g

it

©:

and the protaein concentrations calcuistad. Tha observed sedimentation coaf-

ficiants wera corrected fo values corresponding to a soiyén? witih the vig-

ensity and density of water 21 20° (844 2.
&V
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Unreactec MA was saparatad eas!{y from BSA by'd?a!ys!s; Up to [4
moles of MA paer mols of BSA were retained on dlaéys?s; while control
dlalysis expariments showad the complsats removal of the MA. [ncubation
for up to 80 hirs falled *o Increase the amcunt of KA reacted wlth BSA
above that found at 24'hrs: The reaction thus appears to reach
equilibrium withln 24 hrs and To ba sssentially Irreversible, befwean

pH4 3 and ],

Tns ebsorption spectrum of the reaction product tsoiated In this

mannar showad a characteristic shi#t from 278 my, the maximum of *the rative

albumin. +c 282 mu. The absorption spactra of #SA znd thoe reaction product

are shown in Flgure {. The increased -absorbance of the reaction product
at 282 mﬁ was proportional to the molar ratlo of MA combined wlth the BSA
ffigura 2}; and may be sscribec itc tha formation of the reaction product.
Difference spectra of natlve and reactsd albumin were I1kew!lse al+ered.
The base-neutral dlifference spectrum of the reactlon product showed tweo
maxima at 238 azad 250 m§ with a ratio of ?;e, while the natlve albumin
showed maxima ot 245 and 257 my with a ratio of 4.9.

Sfarch-gei‘eiecfrqphérss!s separated the reacted from.the native
BSA. Table I lliustrates the reiative rafs§ of mlgration of the native
&nd a serles of reacted BSA preparéf!ons. ‘Greater reaction with KA
resulted in afg%e% anlonlc migration.

The sedlimentation properties of the reacted BSA were mezsuied by
valoclty expariments with = reaction product having a moisr ratio of MA

T BSA of £:1. ‘Plots of ¥he sedimentation coafficionts (szﬂfw) of the
i ]
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reaction product and of the unreacted BSA azgainst the protein concentratfion
feii on the same line. The sedimentation coefficient axirapoiaias o
infinite dilution (Sge;w} was 4.4 5 for the combined dﬁ?a. About 5-i0%
higher aggregates were detected in both cases and were negiected in the
celcuiations. The sadimentation studies indicated no conformational change
in the reacted BSA. The molecular walght appears to be essentlaliy un-
chanyed, as there was no significant increase !n -the R!nhar aggregates at
the concept-ation of MA examined.

The stability of the reaction product was aexamined «nder the condi-
ticas of Tedle II. Hydro!ysié in hot 90% glacial acetic acid was sufficient
to ~acover guantitatively tha MA reacted under these cond'ticns. Such hy-
droiysis corresponds to the conditions required for tha quantitative estim-
ation ¢f free MA by the TBA reaction. Prolonged incubatics (10 days) of
the r2action mixture reduced the guantitative recovery of A to 73%, indi-
cating that a sscondary reaction moy bg occuring.

The reaction of MA with BSA was pH dependent, The moii~ ratic of MA
reacted with BSA was highest between pH B‘and 5 and was much lowar at other

pH ranges (Figure 3). The addition of C!™ +o reaction mixtires also re-

T

suced the amount of MA reactsd with BS54 {(Tabise III), 'indicat.ng competition
for the roactive sites. Acetylation of BSA markedly reduces “he reactivity
with MA as can be seen In Table III.

]

A has an ebscerpticn band =1 350 mu,

w

An initial mixture of MA an: B
characieristic of the carbony! group of MA (16). The 250 mu atsorption
band cerresponds to the n = »®* trensition of the unpaired warkcw! elec-

trons. This carbony! absorption band disappsars as the reaction proceeds,




LA
P

ot

indicating that the caébanyi group is invoived in tha rescrion. Ths

absorptin: susctrum of the isolatad reaction product Is aise devold of

+h1s absorpticn band. Together with the stability properties of the reac-
+ion prgduc% and the reducad reactivity of acetyiated BSA, these chservations
strongly suggest that the reasction !nvefvas the free amino groups of BSA

Tne rate of reaction was foliowed at pH 4.0, the pH of maximum infer-

€

acticn, by the dialysis technicue described. The reaction was relativeiy
siow with a first order rate constant of 3.6 x 107 min='. The rate con-
s¢ant determined under dynamic conditions by following The disappearance
of the MA carbonyl absorpticn at 350 my was 4.3 x (077 min™t.

The extent of reaction was concentration dependent. Above finai con-
centrations of 1.5mM MA & vellowish precipitate appeared, indicating
either a decreased water solubiiity or formaticn of a polymeric product.

~ e
L+

xtent of reaction above Thi:s concentration of aidehyde is thus uncertain,

i

£

We have shown previously that the reaction s essentiaily at equilibrium after

-
i

24 hrs and irreversibie. Keeping these restrictions in mind and regiecting
g o3 i} o

corrections for electrostatic factors, it is possible to appiy the relaticn-

a3

hip derived by Klotz (177 fo this reaction. This relationship is given by:

i

t/r P

LI

whers r is The number of combined MA molecules per molecile of BSA; (A},
“ha molecular concentration of the free MA at ecuilibrium; n, the number of
rad

binding or reactive sites in tThe BSA molecule; and %, the apparent sssocia-

t.on copsvant. The associaticn censtant is faken in this case to represent
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not the binding of free MA 1o BSA but the subssquent covaient reactions
resu!lfing in the [rreversibis combination. A slot of 1/r'vs 1/(A) gave

& straight iine (Figure 4). From this piot and the alternative plot of

r/{A} vs r, the association constant was caiculated o be 3 x iﬂ?gfs.. The

number of reaction slites was calcuiated 1o be (6.6 sites per BSA molecule.

[H] P Wte,

DSOUSTION

Farméidehyde’reac?s #ith the frse amino groups of proteins and amino
acids to form methyiol derlvatives (i}. Reactions of formeldshyde with
side~chain groups of proteins are not, however, restricted o the amino
groops (i-4). Yet, the free amino groups of profeins appear 1o react more
readily with formaldehyds than other side chains do. Acetylation thus de-
cr%zses the reactivity with formaldehyde and thioformalidehyde as It decreases
tha reactivity with MA.

The formation of maethyiol derivatives can be reversed by eocid, iiber-
ating the free>a§dehyde‘ The carbony! absorption band of MA a1 350 mp
id not be detectsd in the spectrum of the reaction product. Indeed, the
rate of cisappearance of this carbonyi abserption band corresponded To The
rate of appearancs of the resaction product. 1 is thus probebly that The
reaction involves mainiy The covalent reaction of the cahbcnyi groups of
MA «ith the free amino groups of BSA. Anderson and Jencks have shown that
the rate~limiting sTep in semicarbazone fourmation is the acid catalyzed
denydretion step {21). By anaiogy, the pH~cdepoendence of ths resction be-

tween BSA and MA may involve an acid catalyzed dehydration, The gensrai

ac d~catalysis Is seen in the region from pH 3-7. The lower resction
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baiow gh 3 may rapressnt & reduction in tha wvaliable carbony: groups
¢f the aldehvde by the formation of 2n intramoiecuier hydrogen-bondad
MA species. Above pH 3, the enoiic MA (&~ hydroxyacroiein) and ite snolate

snion exist in oquiiébr!um with each other (l€); therefore, ithe reletive

concentrztion of the anlon is practically constant above ph 3. The ob-

garved pH dependence of The ?eacf!cn Iz thus the combination of the avali-
able carbony! groups of Ma and the acid-cata!ysis’of tha reaction.

' Chlorids ion Is known to be 2 wsak competitor for BSA tinding sites
$1%E. in our axperiments, Ths edd'?fé% of AC! reduced the MA reactlion,

The C!  inhibitlon of the MA reaction may b& cdue to both a trus competitive

2ssoclation and & non-spac!itic

zigctrolyve sffact,. Ths reducad reaction

o

in the presence of urea suggests that a certain conformstionai requirement
amy be prasent In the reaction. BSA contalns 60 iysine and 23 arginine

rasiduas ser moiecuie (18). #while Tanford, e i, {22), have shown that

ali of the amlnc groups of L34 tiirate parmaliv, we have determined that

.. %

between 16 and i7 sites are irveived in the MR raaction, Indlicating that atl
ot The free amlino groups of BSA are not avalisble for this reaction. Tﬁe
ocssibil ity that othar side chaln groups may 2aisc bHa Inveived in the reac-
tion sites remazins. Studies are new in progress Investigating the relative

reactivitlas of MA with anins 3cids snd the noture of the reaction product

.fermed.
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Tabie ZI. ‘Stabiiity of the MA-BSA Reactlon Froduct (&:) MABIL moixe ratiod,
: Y

Soiutlons of the reactlon product wers adjusted to | M In prodsin

concantration and the condlitions described beiow.

"Trestmant : A relsase
A58 Glacial Acetlc Acle, 35 min at [00° 2 100
e.f B BCH, O wln at 25° v G
30 min at 25° i3
S min at 100° 150
%% TCA, lce cold 47
5% TCA and [ N HCI, lca cold 47
2.

Conditicons ldentical to the TBA reacticn used Yo determine’ MA

P R - ok H
quantitaetiveiy.




Tebie ITI. &tfoct of Acetylation, KOl and Urea on ths MA-BSA Reaction.

The feaction mixture consisted of !aM MA »nd O.imM BSA, pH 5.0 and was

tmcubated at 30° for 24 hrs. The products were sssaved for MA sfter

gialysle a2

Additlons
{Final Concentrations)

£ MA Found Reacted

Kora

e 3
Aceryiated BSA
G M KCI

0.5M KCI

100
I8
85
73

1)

i3% of ihe orlginal free amine groups

remained ynacotyiated.




Figure 1.

Uitraviciet Absorption Spectra of BSA and MA-BSA Reactior

A. Spectrum of the reaction product (6:1 MA/BSA molar

ratio)

B. Spectrum of unreacted 8SA., Protsin concentrations were

6

5 % {0 M in both cases.
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Figure 2. Relationship between the increased abscrbance of the
‘reaction product at 282 mﬁ'and the moiar ratlo of combined

BSA in the product.. The ebsorbance was measured
&
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]
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MA
againsT unresctec BSA at the same concentration iS5 x U
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Craphic soiutlion of the number of sites rescting with

MA in BSA. Ths molar ratic o¢f MA to B3A of the reaction
preduct is 1 and *the sbsclssa Us the reciprocal of the free
MA concentration. The Intercant cc%respcnés fo 16.5 rsactlive

ites per mcle, while the ='ops of the |ine corrssponds to

0

. "
an apparent associstlon constant of 3 x I03 gf‘.

Szg rext for Astalls.
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